Historical observations have suggested that endometrial carcinomas vary in histopathologic appearance and clinical features. More recent, systematic studies have provided epidemiologic, clinicopathologic, and molecular support for these observations. Specifically, studies suggest that the most common type of endometrial carcinoma, endometrioid adenocarcinoma, develops from endometrial hyperplasia in the setting of excess estrogen exposure and usually pursues an indolent clinical course. In contrast, a minority of endometrial carcinomas, best represented by serous carcinoma, do not seem to be related to estrogenic risk factors or elevated serum hormone levels, and these tumors seem to develop from atrophic rather than hyperplastic epithelium. We have proposed that serous carcinomas develop from "endometrial intraepithelial carcinoma," a lesion representing malignant transformation of the endometrial surface epithelium. Whereas endometrioid carcinoma and endometrial hyperplasia are associated with microsatellite instability and ras and PTEN mutations, serous carcinoma and endometrial intraepithelial carcinoma are associated with p53 mutations and abnormal accumulation of p53 protein. Based on these data regarding the pathogenesis of endometrioid and serous carcinoma, we have proposed a dualistic model of endometrial carcinogenesis incorporating a "classic" estrogen-driven pathway and an "alternative" pathway seemingly unrelated to hormones. It is hoped that further studies may permit the extension and modification of this model and that these advances will lead to improved diagnosis, management, and prevention.
The goal of this review is to propose a dualistic model of endometrial carcinogenesis that incorporates two pathways that differ in regard to epidemiologic risk factors, histopathologic lesions, and molecular events (1) . The "classic" pathway is proposed as a mechanism by which indolent tumors develop from hyperplastic precursors in an estrogen-rich milieu. In contrast, the "alternative" pathway is thought to account for the development of many aggressive tumors that are not associated with hyperplasia or estrogen excess. This dualistic model represents an extension of clinicopathologic observations published nearly 2 decades ago.
Based on clinicopathologic observations in 366 endometrial cancers, Bokhman (2) proposed that there are two main types of endometrial carcinomas: type 1 tumors related to hormonal imbalances and type 2 tumors that seem largely unrelated to estrogen. According to this model, type 1 tumors are indolent neoplasms that are associated with hyperlipidemia, obesity, and signs of hyperestrogenism, such as anovulatory bleeding, infertility, late menopause, and endometrial and ovarian stromal hyperplasia. Type 2 tumors are unrelated to these features, behave aggressively, and lack the progesterone responsiveness of type 1 tumors. Building on these clinical observations, it has been suggested that the majority of type 1 tumors correspond to the endometrioid type of endometrial carcinoma, whereas type 2 tumors probably include most serous carcinomas and some other aggressive types (1) . Although the correspondence between specific histopathologic tumor types and risk factors is imperfect, this generalization has been used to propose a dualistic model of endometrial carcinogenesis that may prove useful in planning future etiologic studies and, ultimately, in clinical practice. Accordingly, the terms type 1 and endometrioid and the terms type 2 and serous are used interchangeably in this article.
EPIDEMIOLOGIC OBSERVATIONS
Endometrial carcinoma ranks first in incidence and second in mortality among female genital tract tumors, with projections of 37,400 new cases and 6,400 related deaths among women in the United States in 1999 (3) . Incidence rates for endometrial carcinoma have remained stable at 20/100,000 women-years since the 1970s, when rates climbed to more than 30/100,000 in conjunction with widespread use of unopposed estrogen among postmenopausal women. Decline in the use of these hormone preparations was paralleled by a decrease in endometrial cancer incidence, supporting the role of excess estrogen exposure in endometrial carcinogenesis. Data from the population-based Surveillance and Epidemiology End Results Program indicate that incidence rates are 60% higher among whites, whereas mortality is 30% higher among African Americans (4) . It is unclear whether these mortality data reflect interracial differences in diagnosis and treatment or an unexplained tendency for African Americans to develop aggressive tumors that are disproportionately high grade, often contain p53 abnormalities, and frequently are serous or clear cell in type (5) (6) (7) (8) . Because population-based screening programs for endometrial carcinoma have not been developed in the United States, our knowledge of the frequency and natural history of endometrial cancer precursors is limited. Many endometrial hyperplasias could be asymptomatic and regress spontaneously without ever being detected. Etiologic and mechanistic studies have been largely limited to the biased fraction of cases that are persistent and produce clinical symptoms and those associated with invasive carcinoma.
Most epidemiologic studies have analyzed all types of endometrial carcinoma as a single entity, rather than consider different histopathologic types separately. Because endometrioid carcinomas comprise over 80% of endometrial carcinomas and most endometrioid tumors are type 1 tumors, epidemiologic studies have promoted the view that nearly all endometrial cancer risk factors are mediated through estrogen and that protective factors act by opposing estrogen. Published data regarding endometrial cancer risk factors have been recently summarized in detail (4) . Selected exposures related to endometrial carcinoma are presented in Table 1 .
Risk associated with exogenous estrogen use among postmenopausal women is related to duration of exposure, with approximately 10-fold increases associated with a decade of use. Menstrual factors, such as early menarche and late menopause, and nulliparity are thought to increase cumulative estrogen exposure by increasing a woman's total lifetime number of menstrual cycles. Even in polycystic ovary disease, which is characterized by virilization, it is postulated that chronically elevated luteinizing hormone levels promote increased androstenedione production by the ovary, which in turn is converted to estrone in peripheral tissue stores. Because adipose tissue and other peripheral stores are a major source of aromatase, an enzyme that converts androgens to estrogens, obesity is believed to confer risk in postmenopausal women by promoting increased production of estrogen from adrenal and ovarian androgens. However, it is unclear whether the risk associated with obesity is entirely attributable to elevations in serum estrogen, and the possibility that nonhormonal mechanisms may be involved has been considered. Tamoxifen is a nonsteroidal estrogen agonist and antagonist that may have nonhormonal effects, including the formation of DNA adducts. Although tamoxifen use increases endometrial cancer risk, data are conflicting as to whether type 1 or type 2 tumors predominate, perhaps reflecting the dualistic action of this drug. Protective factors are believed to operate by opposing the actions of estrogen. For example, oral contraceptives contain progesterone, which may directly oppose the effects of estrogen, and smoking may reduce estrogen levels by producing alterations in hormone metabolism.
EPIDEMIOLOGIC EVIDENCE FOR TWO PATHWAYS OF ENDOMETRIAL CARCINOGENESIS
In a past study, data from 328 endometrioid and 26 serous carcinomas and 320 population-based controls without endometrial cancer were analyzed to evaluate whether epidemiologic data support a dualistic model of endometrial carcinogenesis (9) . In that analysis, the average age of patients with serous carcinomas was 6 years greater than that of patients with endometrioid carcinoma. Predictably, obesity and exogenous hormone use were associated with increased risk for endometrioid carcinoma, but these exposures were not related to risk for serous carcinoma. However, concurrent smoking and oral contraceptive use were protective for both tumor types. Comparison of selected serum hormone levels, determined using validated laboratory assays, demonstrated that both estrogens and androgens were elevated in women with endometrioid carcinoma, compared with controls, whereas levels for patients with serous carcinoma were similar to those in the controls (Table 2) . In contrast, levels of sex-hormone-binding globulin, a circulating protein that reduces bioavailable estrogen, were higher among serous carcinoma patients than controls or endometrioid carcinoma patients. Because serum hormone data were adjusted for age and body mass index (a measure of obesity), the differences in levels between endometrioid and serous carcinoma patients do not merely reflect the fact that women with serous carcinoma are older and thinner. These results suggest a fundamental difference in the hormonal milieu in which these two types of tumors develop. In summary, available epidemiologic data support the proposed dualistic model of endometrial carcinogenesis, but the analyses are limited by the small number of serous carcinoma patients studied. Although these data suggest that exogenous estrogen use is not a risk factor for serous carcinoma, there are no data to suggest that estrogen is protective against the development of these tumors.
Many questions regarding endometrial cancer risk factors persist (10) . For example, what changes occur at the cellular level to explain why exposures early in life (e.g., oral contraceptive use) reduce cancer risk decades after the exposure has ended? Why is the increased risk associated with elevated serum estrogen levels relatively modest if endometrial carcinoma results from systemic estrogenism, and why are elevated androgens associated with increased risk? Are these observations only artifacts of study designs that rely on single hormone measurements in postmenopausal women, or do these findings reflect the fundamental complexity inherent in understanding the chronic exposures that lead to cancer? Finally, the recognition that some endometrioid carcinomas arise in patients lacking classic risk factors and that endometrial hyperplasia is not always identified in uteri containing endometrioid carcinoma raises the question as to whether some endometrioid carcinomas represent type 2 tumors. However, in an analysis that examined the relationship between different patterns of endometrioid carcinoma and risk factors, differences were not identified among tumors stratified by grade, stage, presence of squamous differentiation, or endometrial hyperplasia (11) . Continued research on this topic is needed.
CLINICOPATHOLOGIC EVIDENCE FOR TWO PATHWAYS OF ENDOMETRIAL CARCINOGENESIS
Histopathologic support for an alternative pathway of endometrial carcinogenesis unrelated to hormone imbalances is derived largely from clinicopathologic studies of serous carcinoma. In a seminal report, Hendrickson et al. (12) reported that serous carcinomas accounted for 50% of recurrences in a series of 256 clinical Stage I tumors, even though only 10% of these tumors were serous. These authors emphasized that women with serous carcinoma were considerably older than those with endometrioid carcinoma and that serous tumors behaved more aggressively than even Grade 3 endometrioid tumors. In addition, this report highlighted the similar morphology of uterine serous carcinoma and its homologue in the ovary and the tendency for both tumors to produce ascites and spread along peritoneal surfaces.
Another contribution of this study, and possibly the finding that received the most immediate attention, was the development of criteria for distinguishing the two main types of uterine papillary carcinoma: villoglandular endometrioid carcinoma and serous carcinoma. Classic examples of serous carcinoma demonstrate coarse, edematous papillae lined by cuboidal, low columnar, or hobnail-shaped cells displaying anaplastic nuclear cytology and mitoses, often including abnormal figures. In contrast, the papillae in villoglandular carcinoma are generally thinner and more uniform, and most important, the cells lining the papillae are columnar in shape, monomorphic, and display minimal nuclear atypia (Fig. 1) . In summary, the report of Hendrickson et al. (12) clarified the confusion regarding the two main types of papillary carcinomas that occur in the uterus and paved the way for broadening the morphologic criteria for diagnosing serous carcinoma.
Recent studies have emphasized that serous carcinomas vary widely in appearance to include tumors composed largely or exclusively of gaping glands with intraluminal papillary proliferations, tumors associated with benign polyps, and mixed tumors in which serous carcinoma coexists with endometrioid, clear cell, or other differentiation patterns (13) . The unifying feature that distinguishes serous carcinoma from endometrioid carcinoma is that in serous carcinoma, welldifferentiated architecture, defined as formation of glands or papillae, is usually associated with highgrade nuclear atypia, whereas in endometrioid carcinoma, architectural and nuclear grade are nearly always concordant (Fig. 2) . Because all serous carcinomas are high-grade by definition, grading is superfluous, and in contrast to endometrioid carcinomas, depth of myometrial invasion does not accurately predict stage. Tumors with mixed differentiation, in which 25% of the neoplasm appears serous, usually behave as aggressively as pure serous carcinoma; consequently, we regard these tumors as serous carcinoma for clinical purposes. However, we suspect that the etiology and pathogenesis of some mixed tumors may differ from that of pure serous carcinoma (see below).
EVIDENCE FROM PRECURSOR STUDIES SUPPORTING THE EXISTENCE OF TWO PATHWAYS OF ENDOMETRIAL CARCINOGENESIS
Atypical endometrial hyperplasia (AH) undoubtedly represents the precursor of many, but possibly not all, endometrioid (type 1) carcinomas. The similar appearance of AH and Grade 1 endometrioid carcinoma underscores the pathogenetic relationship between the two lesions. In addition, AH and endometrioid carcinoma are often present concurrently and in topographic proximity in hysterectomy specimens. Furthermore, natural history studies have demonstrated that a significant percentage of AHs progress to carcinoma if untreated. Finally, recent studies have demonstrated similar immunohistochemical and molecular markers in the two lesions.
Natural history studies have provided us with insights into endometrial carcinogenesis, despite the limitations imposed by the lack of populationbased screening data. Most cases of endometrial hyperplasia that have been studied were identified because of symptoms (causal or coincidental) or surveillance related to specific risk factors (e.g., hormone replacement), or they were discovered serendipitously in women investigated for other pathology. Furthermore, these lesions were often treated or rebiopsied for clinical indications, which may have altered their natural history in an unpredictable manner. Nonetheless, these studies are revealing. For example, Kurman et al. (14) reported the follow-up of 170 patients with endometrial hyperplasia, diagnosed at the Armed Forces Institute of Pathology, who were followed for at least 1 year without hysterectomy. Most lesions of all types regressed, including 80% of both simple and complex hyperplasias without atypia. Hyperplasia without atypia progressed to carcinoma only rarely, whereas 8% of atypical simple and 29% of atypical complex hyperplasias progressed. These data suggest that most hyperplasias without atypia probably represent early, highly reversible lesions in the pathogenesis of endometrial carcinoma. Although every untreated AH may not progress to carcinoma and some endometrioid (type 1) carcinomas may arise without hyperplasia, these data support the thesis that AH is the immediate precursor of endometrioid carcinoma.
The recognition that AH and endometrioid carcinoma express both estrogen and progesterone receptors is consistent with the status of AH as a precursor lesion and suggests that progesterone therapy may permit the reversal of these lesions in young women seeking to retain fertility. Randall and Kurman (15) reported that 16 (94%) of 17 women with AH and 9 (75%) of 12 with endometrioid carcinoma were successfully treated with 3 to 18 months of progesterone, enabling 5 women to become pregnant. Residual hyperplasia was identified in three women treated for AH and three with carcinoma. Kim et al. (16) reported the results of seven young women treated for carcinoma and reviewed the outcomes of 14 published cases. They reported that an initial response was achieved in 13 (62%) of 21 patients, but 3 patients recurred, including one with metastases. Ferenczy et al. (17) reported that 52 (80%) of 65 postmenopausal women (mean age, 56 y) with hyperplasia without atypia responded to hormonal therapy; however, only 5 (25%) of 20 women with AH regressed, and an equal percentage progressed to carcinoma. In aggregate, these data suggest that both AH and endometrioid carcinoma in young women are highly reversible, at least in the short term, when treated with progesterone. However, AH in older women may differ biologically from its counterpart in younger women because it is less responsive to hormonal therapy. This finding is intriguing because it has been hypothesized that the hormonal imbalances leading to carcinoma differ in pre-and postmenopausal women. Imbalances in young women may reflect a relative lack of progesterone, whereas in older women, an absolute excess of estrogen may be involved.
In contrast to the findings in uteri removed for endometrioid (type 1) carcinoma, the uninvolved endometrium in uteri containing serous carcinoma (type 2) is usually atrophic. In one study, 76% of serous carcinomas were associated with atrophy and 5% with hyperplasia, whereas 29% of endometrioid carcinomas were associated with atrophy and 46% with hyperplasia (18) . Endometrial hyperplasia is a more frequent finding in uteri removed for mixed endometrioid/serous carcinomas than in uteri removed for pure serous carcinoma. Carcangiu et al. (19) identified associated endometrial hyperplasia in 46% of uteri removed for mixed tumors, as opposed to only 8% with pure serous carcinomas. It has been shown that when endometrial hyperplasia is identified in a uterus containing a carcinoma that is partly or exclusively serous, the hyperplasia and the carcinoma are usually topographically unrelated and appear distinct. Therefore, we suggest that mixed endometrioid/serous carcinomas may begin as endometrioid carcinomas that arise from AH and that serous differentiation develops secondarily in these already established endometrioid carcinomas through a process of clonal evolution. Consequently, we think that the classification of mixed endometrioid/serous carcinomas as serous is appropriate for clinical management but may be unsatisfactory from an etiologic point of view. To my knowledge, this hypothesis has not been systematically assessed in a large series using molecular techniques.
Histopathologic studies suggest that the majority of serous carcinomas develop from a distinctive lesion termed endometrial intraepithelial carcinoma (EIC), which appears to represent malignant transformation of atrophic surface endometrium (13, 18) . EIC has been identified in 89% of uteri containing serous (type 2) carcinoma (18). Spiegel (20) and Zheng et al. (21) have described lesions resembling EIC as "endometrial carcinoma in situ" and as "uterine surface carcinoma," respectively. We prefer the term EIC, because "endometrial carcinoma in situ" has been applied historically to an entirely different lesion and "uterine surface carcinoma" may be incorrectly interpreted as suggesting that the prognosis of pure EIC and serous carcinoma are identical (see below).
EIC is characterized by the replacement of benign surface endometrium and underlying glands by cells with anaplastic nuclei resembling serous carcinoma (Fig. 3) . EIC should not be diagnosed in areas in which the surface tumor appears to represent overgrowth of an adjacent invasive carcinoma. EIC may consist of a single or multilayered epithelium with or without micropapillary tufting. Cytologically, the cells show marked nuclear membrane irregularities, chromatin that varies from vesicular to smudgy, mitoses including abnormal forms, and apoptotic bodies. EIC may be found in the absence of invasive serous carcinoma, and like the latter, EIC demonstrates strong, diffuse immunostaining for p53 protein and Ki-67 and p53 gene mutations (1, 21, 22) . Noninvasive lesions resembling EIC, termed "intraepithelial carcinoma," may be identified in approximately 25% of serous carcinoma patients in the endocervix, fallopian tube, and peritoneum and on the surface of the ovary (Fig. 4) (13) . In summary, the resemblance of EIC to invasive serous carcinoma, its association with p53 mutation, and its identification in uteri that do not contain invasive serous carcinoma support its proposed designation as a precursor of serous (type 2) carcinoma.
Because we advocate immediate hysterectomy and staging for all women with EIC, even in the absence of invasion, we know relatively little about the natural history of this lesion. However, we have reviewed eight cases of pure EIC that were not associated with invasion in the uterus, two of which were present in biopsies performed up to 7 and 17 months before hysterectomy. The uteri of these two patients showed EIC only without invasion, and both are alive and well. The benign course in these cases suggests that EIC does not merely reflect the spread of invasive serous carcinoma on the surface of the uterus, and it indicates that EIC does not necessarily progress to invasion within months. However, there are many reported examples of women with lesions that we would probably classify as EIC and that have been associated with extrauterine disease, despite the lack of identifiable endometrial stromal or myometrial invasion (13, 19, (23) (24) (25) . In these cases, extrauterine disease may reflect multifocality, transtubal expulsion with implantation and growth or occult invasion in the uterus with lymphatic or hematogenous dissemination.
The differential diagnosis of EIC includes both benign reparative/metaplastic changes and surface changes associated with other tumor types. Features favoring EIC include patient age over 60 years, a background of atrophic endometrium, and strong, diffuse p53 and Ki-67 immunostaining (1, 18, 21) . Eosinophilic metaplasia with atypia may pose an especially challenging differential diagnosis, but metaplastic lesions are usually more focal and the cells show degenerative, smudgy chromatin lacking well-preserved nuclear features of malignancy. In addition, metaplasias occur more often in perimenopausal women who are generally about 10 to 15 years younger than women with EIC. Some cases of eosinophilic metaplasia are associated with endometrial hyperplasia or endometrioid carcinoma, whereas in many others, the remaining endometrium is normal. The endometrium adjacent to a minor percentage of endometrioid carcinomas shows focal surface changes resembling EIC, but these lesions usually measure less than a low power microscopic field and are less cytologically atypical than EIC. In addition, the base of an exophytic endometrioid carcinoma that remains after subtotal removal by biopsy or curettage may also mimic EIC. EIC tends to spread into benign glands, often showing partial replacement of the benign epithelium or pagetoid involvement with intercalation between the basement membrane and the normal epithelium. Lesions associated with endometrioid carcinoma that mimic EIC do not typically show this pattern of intramucosal spread. Intraepithelial carcinoma in the fallopian tube and ovary may be indistinguishable from second primary tumors and may represent synchronous carcinomas in some cases. Intraepithelial carcinoma in the endocervix differs from adenocarcinoma in situ of the cervix, because the cells in EIC are generally polygonal rather than columnar, show greater architectural disarray and pleomorphism, and possess round nuclei with prominent nucleoli instead of elongate hyperchromatic nuclei lacking visible nucleoli.
MOLECULAR EVIDENCE FOR TWO PATHWAYS OF ENDOMETRIAL CARCINOGENESIS
Most molecular studies of endometrial carcinoma have consisted of small series reported from single institutions. Many studies have used frozen samples, probably resulting in a bias toward inclusion of larger, grossly identifiable lesions. Finally, some discrepancies between studies may reflect variations in histopathologic typing of tumors, use of fixed as opposed to frozen tissue, and technical differences in the performance and interpretation of assays. Nonetheless, studies have produced several consistent findings that support the proposed model of carcinogenesis as summarized in Table 3 and as described below. Because wild type p53 protein has a short halflife, it is generally undetectable in normal cells, whereas mutant p53 protein is more stable and often reaches immunohistochemically detectable levels. Accordingly, immunohistochemistry has been used as an imperfect surrogate marker for p53 gene mutation. However, reported results for p53 immunostaining in endometrial carcinoma have been conflicting because of differences in histopathologic classification, preparation of fresh or fixed tissue, use of different antibodies, differences in staining protocols, criteria for determining "positivity," and other factors (1, 21, 22, 26 -35) . In our institution, strong diffuse immunopositivity for p53 protein has been strongly associated with p53 mutation in endometrial carcinoma, as determined by sensitive gene sequencing methods (Fig. 5) (22) . Use of less than diffuse and intense p53 staining as a cut-off for immunopositivity or reliance on less sensitive p53 mutation assays has not always produced a clear association between immunopositivity and gene mutation. Because p53 mutations may uncommonly lead to a total absence of protein production, immunohistochemical staining is expected to produce some false-negative results. Despite the possibility of both false-positive and falsenegative results, most studies have found that p53 accumulation occurs frequently in serous carcinoma and EIC and less commonly in endometrioid carcinoma. Immunopositivity has been reported more commonly in endometrioid carcinomas that are high grade as opposed to those that are low grade, and nearly all of the endometrial hyperplasias tested have been negative.
Mutations at specific loci in the p53 gene have been linked to predisposing exposures and their respective tumor types in several organs (36) . For example, aflatoxin-related hepatocellular carcinomas, sun-related skin carcinomas, and lung carcinomas in smokers have all been associated with mutations at certain loci within the p53 gene. Similar associations have not been established in serous carcinoma; however, the consistent identification of p53 mutations in serous carcinomas may suggest that an environmental exposure, hypoxia, or another factor associated with p53 mutation may be involved. Interestingly, uterine serous carcinoma does not seem to be characteristic of the Li-Fraumeni syndrome in which patients with germline p53 mutations show a strong predisposition to developing other types of cancer. Therefore, many factors other than p53 mutation must be involved in the pathogenesis of these tumors.
Microsatellite Instability
Microsatellites are short, highly polymorphic tracts of simple repeating units that are widely dispersed throughout the genome and are usually noncoding (37) . It is believed that the repetitive nature of microsatellite sequences predisposes to DNA replication errors but that the lengths of these tracts are scrupulously maintained in normal cells by robust DNA repair mechanisms. Microsatellite instability (MI) refers to alterations in the lengths of these repetitive sequences in tumor DNA as compared with normal DNA obtained from the same person. Because the microsatellite regions that are examined in assays for MI are usually noncoding, the significance of MI in these assays is that it represents a marker for defects in mismatch repair mechanisms rather than a mutation in a specific gene. On the basis of theoretical calculations, it takes multiple mutations in a single cell to develop cancer, which is unlikely to occur in normal cells with intact repair mechanisms and low spontaneous mutation rates. However, mismatch repair defects, such as those indicated by MI, could result in increased spontaneous mutation rates, potentially permitting a cell to acquire sufficient mutations for the development of cancer (38) .
MI has been identified in about 20% of endometrioid (type 1) carcinomas and associated AHs, but is almost never found in pure serous tumors (39 -46) . Because MI does not seem to be a frequent finding in endometrial hyperplasia that has not progressed to endometrioid carcinoma, MI may be a late event in the transition from AH to carcinoma. Given that it is difficult to distinguish some cases of well-developed AH from the earliest examples of Grade 1 endometrioid carcinoma, exact determination of when MI occurs in the pathogenesis of endometrioid carcinoma may be challenging. MI has been identified in mixed endometrioid and serous tumors (46), but we postulate that these alterations are related to the development of the endometrioid component.
Germline mutations in mismatch repair genes have been identified in endometrial cancers associated with hereditary nonpolyposis colorectal cancer syndrome but rarely in sporadic endometrial cancers. Recent studies have suggested that inactivation of mismatch repair genes may result from hypermethylation of promoter regions, resulting in loss of repair function without mutation (epigenetic effect) (47) .
Mutation in PTEN
PTEN is a tumor suppressor gene that derives its name from its preserved tyrosine phophatase domain and its sequence homology with the matrix protein tensin. Germline PTEN mutations have been identified in hereditary cancer syndromes, including Cowden's disease and Bannayan-Zonona syndrome. PTEN mutations have been identified in approximately 40% of endometrioid carcinomas and in both AHs associated with carcinoma and those that have not progressed to invasive carcinoma (48 -51) . Mutations in PTEN have been identified in up to 86% of endometrioid carcinomas with MI, suggesting a relationship between these lesions, although the mutations in PTEN do not involve microsatellite sequences. The PTEN gene has also been described under the acronym "MMAC 1," which stands for mutated in multiple advanced cancer 1. This name refers to the association of PTEN mutations with aggressive behavior
Mutation in ras
Mutations in the ras oncogene have been identified in approximately 20% of endometrioid carcinomas but are not found in serous tumors (52) (53) (54) (55) (56) . It has been suggested that ras mutations may be detected more frequently in Japan, a country with a historically low endometrial cancer incidence, and less frequently in the United States, where rates are higher.
Hormone Receptors
Estrogen and progesterone receptors are usually identifiable in endometrial hyperplasia and in endometrioid carcinomas, especially those that are low grade (57) . Serous carcinomas and EIC are generally negative for receptors when evaluated with reliable immunohistochemical techniques, but early reports using biochemical methods to test tissue extracts reported positivity, most likely reflecting contamination of the samples with normal endometrium or myometrium, both of which are rich in receptor protein. It is interesting that EIC and serous carcinoma lack receptors, but the atrophic endometrium in which these tumors arise is receptor positive. Theoretically, this could explain why oral contraceptives might be protective for serous carcinoma, even though hormonal therapy is ineffective in treating these tumors.
Clonality
Studies have demonstrated that AH is a clonal lesion and when associated with endometrioid carcinoma, AH is derived from the same clone as the tumor (58 -59) . Benign endometrium and other types of endometrial hyperplasia do not appear clonal with the assays that have been used. If one views clonality as a test for neoplasia, then AH could be viewed as a form of noninvasive neoplasm.
SUMMARY OF MOLECULAR DATA
In summary, molecular evidence, though not abundant or entirely consistent between studies, supports the existence of a dualistic model of endometrial carcinogenesis. Endometrioid (type 1) carcinomas are associated with mutations in ras, PTEN, and MI, whereas serous (type 2) carcinomas are associated with p53 mutations. The coherence of the molecular findings between the carcinomas and their respective precursors supports the view that AH is the immediate precursor of endometrioid carcinoma and that EIC is the precursor of serous tumors.
CLASSIC PATHWAY OF ENDOMETRIAL CARCINOGENESIS (GENESIS OF TYPE 1 TUMORS)
Details of the proposed "classic" pathway of endometrial carcinogenesis are summarized in Figure  6 . Many endometrioid carcinomas (type 1 tumors) develop in the setting of excess estrogen relative to progesterone. These imbalances may result from absolute excesses of endogenous or exogenous estrogen or relative deficiencies of progesterone. Androgens and other growth factors may also play a role in this pathway, but this has not been well studied. Hormone levels reflect multiple interrelated processes including exposure (exogenous intake ϩ endogenous production), catabolism, and excretion, which in turn reflect the levels and functional activity of specific metabolic enzymes in the uterus, liver, and other organs. Because hormone balance reflects complex gene-environment interactions, every woman has her own unique hormonal physiology, which may vary over her lifetime.
To further complicate the process, estrogen imbalance may be systemic or occur locally within the endometrium. Systemic estrogenism may be assessed by evaluating risk factor data and serum hormone levels, but interpretation of these data has been confusing, suggesting that simultaneous assessment of local tissue levels might be informative (10) . Measurement of tissue hormone levels is a new, technically challenging area that suffers from some of the same limitations as single serum measurements obtained in case-control studies; it reflects only a single point in time when a tumor is already present.
Historically, estrogen has been viewed as directly promoting endometrial carcinogenesis by stimulating rapid proliferation of epithelial cells. However, recent experimental data suggest that estrogen may produce diverse effects and that some of the actions on epithelial cells may be mediated by endometrial stroma. For example, aromatase activity has been identified in extracts of tumor tissue using biochemical techniques (60) , but Wantanabe et al. (61) , using immunohistochemical and in situ hybridization, have localized the source of aromatase in tumor masses to the desmoplastic stroma surrounding the neoplastic cells rather than the tumor cells. In this study, aromatase protein and message were not found in normal or hyperplastic endometrium. These data suggest that invasive carcinoma may induce aromatase activity in desmoplastic stroma, which in turn could provide paracrine stimulation to an already established invasive carcinoma. The absence of aromatase activity in normal and hyperplastic endometrium suggests that local estrogen production within the uterus may not precede and promote the development of cancer, but it could play a role in its progression. This may challenge the classic view that endometrial cancer risk is merely a matter of excess estrogen exposure, because neither elevated serum estrogens (albeit based on single measurements) nor local production of estrogen in benign endometrium seems to adequately account for endometrial cancer risk. Future investigations to confirm and extend these findings are needed.
Observations produced by transplanting various combinations of stroma and epithelial cells obtained from wild type and estrogen receptor knockout mice into nude mice have also demonstrated the importance of epithelial-stromal interactions in endometrial carcinogenesis (62) . Transplants of estrogen receptor-negative stroma and estrogen receptor-positive epithelial cells do not proliferate in response to exogenous estrogen. However, if estrogen receptor-positive stroma is transplanted with estrogen receptor-negative epithelium, the epithelial cells demonstrate receptor-dependent proliferation. If confirmed in human tissues, this would suggest that stroma directs the estrogen-dependent proliferative response in epithelial cells.
Finally, data suggest that the role of estrogen in carcinogenesis is not limited to stimulating proliferation. Experimental data suggest that the p450 enzyme, CYP 1B1, which is widely distributed in many human organs, can transform estrogens into 4-hydroxy catechols that may produce DNA damage (63) . Therefore, high tissue levels of estrogen could theoretically promote carcinogenesis via two mechanisms: producing DNA damage and stimulating proliferation.
The development of endometrial hyperplasia and endometrioid carcinoma (type 1 tumors) in women with irregular or anovulatory cycles suggests that prolonged periods without endometrial sloughing may be important in the development of fixed endometrial lesions. Although risk factors may be operative in premenopausal women, initiating events occurring in young women may be masked as a result of periodic endometrial shedding. However, these occult alterations may develop into hyperplasia or neoplasia in the postmenopausal period. Because anovulatory states are often associated with concurrent hormone imbalances, entangling the relative importance of these two potential mechanisms would be difficult. Nevertheless, progression of endometrial hyperplasia, including AH, to invasion is neither inevitable nor rapid.
The identification of MI in AH associated with endometrioid carcinomas, but not in AH without associated carcinoma, suggests that mismatch repair defects may occur in the transition between the two lesions. The factors that are related to the acquisition of atypia in endometrial hyperplasia have not been well studied, but data suggest that AH shares features with carcinoma that are not found in hyperplasia without atypia. Specifically, AH seems to represent a clonal lesion associated with MI and mutations in ras and PTEN. In addition, cells of debated histogenesis, referred to as "foam" cells, are a frequent finding in carcinoma and its well-developed precursors, and they may be involved in tumor development through production of inflammatory mediators that stimulate aromatase production and proliferation. The relationship between endometritis and endometrial carcinoma has received little attention. The molecular changes associated with the development of myometrial invasion require further study, because endometrioid tumors without myometrial invasion almost never metastasize. In fact, some of the criteria for the diagnosis of early endometrial carcinoma, such as the development of back-to-back glands and papillae formation, are often cited as examples of "stromal invasion," but nonmorphologic support for this dogma is lacking.
Histopathologic examination suggests that Grade 3 endometrioid carcinomas develop from Grade 1 tumors that have undergone clonal evolution and dedifferentiation. This process of tumor progression may be associated with loss of hormone receptor expression and the development of p53 mutations. The development of malignant mixed mullerian tumors (or carcinosarcomas) may represent another pathway of dedifferentiation in a preexisting carcinoma, because clinicopathologic, ultrastructural, immunohistochemical, and molecular evidence suggests that the sarcomatous component represents divergent differentiation of the epithelial component (64 -67) . Accordingly, many pathologists view these tumors as "metaplastic carcinomas."
ALTERNATIVE PATHWAY (GENESIS OF TYPE II TUMORS)
The proposed "alternative" pathway of endometrial carcinogenesis is outlined in Figure 7 . Serous carcinoma typically develops in elderly women with atrophic endometrium. Risk factors for serous carcinoma have not been identified, but available evidence suggests that excess estrogen exposure is not a risk factor for the development of serous tumors. Therefore, the only definite risk factor for serous carcinoma is age. Serous carcinomas are usually diagnosed in women over 60, and these neoplasms are exceedingly uncommon in younger women. One possible approach to understanding the etiology of these tumors is to examine factors that seem related to the development of p53 mutations in experimental systems. The nearly universal detection of p53 mutations in serous carcinoma and its precursor, EIC, including examples of EIC without associated invasion, suggests that p53 mutation may represent the molecular signature of serous carcinoma and possibly define the entity in combination with morphology. Mixed tumors displaying serous differentiation associated with endometrioid differentiation or other histologic patterns may not arise directly from atrophic endometrium and could therefore have an entirely different pathogenesis.
From a histopathologic perspective, serous carcinomas seem to develop rapidly from EIC in the setting of endometrial atrophy in an estrogendeficient hormonal milieu. However, the observation that EIC may remain stable without treatment for up to 17 months challenges this view. Paradoxically, the aggressive behavior of extrauterine tumor in patients with pure EIC suggests that the cells that compose EIC possess many of the biologic features of full-blown serous carcinoma.
The development of sarcomatous differentiation in serous tumors presumably occurs through a process of clonal evolution akin to what has been postulated for endometrioid tumors. In one study, malignant mixed mullerian tumors with an epithelial component showing serous differentiation were more often associated with EIC, whereas endometrial hyperplasia was identified more often in uteri containing malignant mixed mullerian tumors with an epithelial component showing endometrioid differentiation (68) .
FUTURE DIRECTIONS
Future studies are needed to understand the critical transitions that occur in the classic pathway of type 1 carcinogenesis: (1) the development of atypical hyperplasia from hyperplasia without atypia and (2) the development of invasion. Continued search for etiologic heterogeneity within tumors diagnosed as endometrioid carcinoma may be worthwhile, because hyperplasia is not identified in a significant proportion of uteri containing these tumors. Identifying risk factors for serous (type 2) carcinomas and elucidating the changes in atrophic endometrium that precede the development of EIC would also be of interest. Attempts to study the pathogenesis of unusual types of carcinoma, such as clear cell carcinoma, may be useful because of the aggressive nature of these neoplasms. Immunohistochemical studies suggest that these tumors may have a unique phenotype with respect to receptor status and p53 accumulation (69) . The role of endometrial stroma in carcinogenesis and progression and the mechanisms of estrogen action in promoting proliferation and possibly acting as a procarcinogen are provocative and deserve systematic study in human tissues. Studies of genetic polymorphisms in key hormone metabolizing enzymes may have application in identifying women at risk for endometrial carcinoma and in understanding hormonal mechanisms related to carcinogenesis. Finally, determining the earliest alterations that commit cells to tumor development may be useful in identifying neoantigens that could be targets for early detection and treatment. It is hoped that studies successfully addressing these and other questions will provide a clearer picture of endometrial carcinogenesis and give us better tools to prevent, detect, and treat patients with these tumors.
